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Optical nanostructures for
biological fluorescence and
Raman measurements
Conceptions on multifunctional sample surfaces 
Optical methods are widely used in 
the analytics and diagnostics. This 
thesis shows how nanostructures 
can enhance the optical detection of 
target molecules, analytes. Biophysical 
phenomena on solid sample surfaces 
are enlightened, and future directions 
are proposed for the development of 
multifunctional sample surfaces.
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ABSTRACT 
Optics is becoming increasingly present in our everyday life. 
This is also true for analytics and diagnostics, where optical 
methods are replacing indirect and complicated measuring 
methods. The concurrent development of electronics and 
nanofabrication methods has made integrated devices possible, 
but, at the same time, has meant that multidisciplinary 
approaches are essential.    
In order to develop a sample surface for optical 
measurements in the field of biological and medical sciences, 
understanding biological and optical phenomena at the 
nanometre scale is crucial. Man-made optical structures on the 
surface can be made of dielectric or conductive materials or 
include both at the same time and consist of a variety of micron- 
or nanometre-scale structures. These complicate answering the 
question of how light, liquids and macromolecules or living 
cells interact with each other upon a topographically nano-
patterned surface.  
 In this thesis, resonant waveguide gratings (RWG) and 
silver nanoparticles (NP) were used as the optical components. 
When these were illuminated with a beam of laser light, a very 
strong electromagnetic field arose inside and within the 
immediate vicinity of these structures. This field was then 
harnessed for the enhanced detection of biological molecules. It 
was further shown that efficient excitation can be alternatively 
achieved without the collimated beam, using only an ordinary 
microscope. Hence, with the aid of these optical components, 
both sensitive fluorescence and Raman signal detection are 
possible with affordable and simple illumination arrangements. 
These results together imply promising views for the so-
called lab-on-chip applications in diagnostics. Analyte 
molecules were also “sandwiched” between the RWG and NP 
substrates, and hence the narrow sample slot formed could be 
used simultaneously for sensitive detection and as a channel for 
the samples. That, in addition to unexplored optical properties, 
is attractive for fluidic scheme speculations. Thus, the suggested 
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future directions outline the combination of fluidic sample 
control and sensitive optical sensing. 
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1 Introduction  
Spectroscopic methods are numerous and can be classified in 
various ways: by the type of radiation or the energy 
(electromagnetic [EM], particle, acoustic, mechanical), by the 
nature of interaction (the absorption, emission, reflection, 
scattering, impedance or index of refraction, coherence) and by 
the material (nuclei, atoms, crystals, molecules). The present 
studies (I-IV) apply EM radiation (EMR) at the visible and the 
near-visible regions of the EM spectrum. In this frequency 
domain, optical methods are safe for the samples, but also for 
the users. In addition, the instrumentation can be simple and 
easy to use. For these reasons, optical methods have been and 
will be vital within biosciences and elsewhere. 
Absorption and emission (fluorescence, I-III) and 
inelastic scattering (Raman, IV) of the light by the molecules are 
the focus of this book. Nonetheless, herein, the interactions 
between the light and the materials are manifold; employed 
structures represent resonant optical structures with 
topographical features below the employed wavelengths in their 
sizes (I-IV). Secondly, in IV, metal nanoparticles (NP) are used 
which in turn allow photons to couple with surface plasmons 
(SP). Thus, both extend the interacting materials from the 
analyte molecules to the crystals—or lattices—and to free 
electrons in metals, respectively. Importantly, optical 
phenomena close to these surfaces and structures can be 
harnessed for enhanced detection. This is the primary reason 
why solid sample surfaces have been used within the present 
studies. 
Indeed, there are two options for conducting optical 
measurements: in solution or with the aid of a solid surface. The 
latter applies herein, and may also be more common among 
sensor applications and in the field of biomedical sciences, 
whereas the analysis of free molecules in a solution may be 
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more common in the sophisticated and detailed analysis of 
purified macromolecular samples and in functional studies 
within basic research. Analysis by simple absorption in the 
ultraviolet (UV) region belongs to common routines for all 
biological macromolecules, whereas some metalloproteins or 
colourful ligands, for instance, extend the region to the visible 
wavelengths and beyond. In addition to these routines, one can 
study molecules’ structural features or macromolecular 
interactions in a solution by circular dichroism (CD) (Kelly et al., 
2005), dynamic light (Jachimska et al., 2008), x-ray (Lipfert & 
Doniach, 2007) or neutron (Liu et al., 2005) scattering, 
biomolecular nucleomagnetic resonance (NMR) (Bonvin et al., 
2005), and native (Lorenzen & Duijn, 2010) and hydrogen 
exchange (Hoofnagle et al., 2003) protein mass-spectroscopies, 
for example. These methods usually work in concert with 
optical methods and each other. Still, optical methods are 
preferred as a routine and at the first stage, because of the 
lighter instrumentation and the simpler sample preparation and 
sample recovery. 
However, when an assay is performed on the solid 
surface, a form of surface activation and specific surface 
chemistry is often used, referred to here as the immobilisation of 
“bait” molecules (Cass et al., 1998; Hermanson, 2010). This, often 
ready-made, immobilisation is thus employed for the capture of 
the molecules of interest—the targets from a complex sample. 
These “prey” molecules are finally detected usually by the aid of 
a detecting molecule, which often bears a covalently linked 
reporter. This reporter can hold an enzymatic activity, which in 
turn is indirectly detected by the reaction it performs. The 
reaction can result in a colour change or in bioluminescence. 
Alternatively, the detecting molecule can be directly assessed 
when bearing a label: often fluorescent or radioactive. As an 
example of a classical assay, a principle of one kind, namely, 
enzyme-linked immunosorbent assay (ELISA), is presented on 
the next page (Figure 1). 
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Figure 1. Sandwich ELISA. Y-like shapes indicate the use of antibodies: blue ones are 
covalently immobilised for the capture of the targets (red rings)—while magenta ones 
are those employed for detection. Asterisks in the scenario represent the linked label or 
enzyme that catalyses the reaction responsible for the colour change of the media. A 
typical device for a fluorescent-based assay consists of a light source (e.g. lasers) and a 
photodetector (e.g. photomultiplier, CCD, photodiode or -transistor) at the bare 
minimum, and is supplemented with appropriate optics (for focusing, beam splitting 
and filtering). 
 
While such assays are still widely used in basic biomedical 
studies, sensors, rapid tests and kits are becoming increasingly 
popular in diagnostics and as commercially available self-care 
products. Although they are based on the same principles (and 
most commonly to antibody-antigen interaction), one 
motivation for the further development is miniaturisation and 
simplification. That can result in availability, disposability, 
portability and in improved safety. In addition to 
immunological tests using a blood sample, sensors for the 
presence of certain substances or markers from exhalation or 
secreted body fluids, e.g. saliva (Kaufman & Lamster, 2002), are 
interesting due to the non-invasive methods required to obtain 
these samples.   
A sensor for complex samples may naturally serve fields 
other than biomedicine, such as the supervision of food and 
water safety (Röck et al., 2008). Also, non-optical competitors 
exist, which can be based on electrochemical sensing (Röck et al., 
2008; Yogeswaran & Chen, 2008). These are best known as 
“electronic or chemical noses”, and are used for diagnostics or 
other monitoring and safety purposes. On the other hand, 
optical and non-optical phenomena can coexist inside a device, 
or they can otherwise share similarities, such as principles, 
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materials (dielectric, semiconducting and metals) and data 
analysis. Surfaces that attract molecules (from liquid or gas 
phases) can also be similar for both. In particular, surface 
porosity or nanostructures, such as nanowires (Yogeswaran & 
Chen, 2008), are common and may have benefits for the function, 
like chromatographic properties and an increased surface area 
for detection. 
Even if the immobilisation of bait via specific chemistry 
enables rapid and wide ranging alterations in the surrounding 
liquid, thus making the sample complexity more manageable, it 
is not always a necessity. Another strategy is the use of passive 
adsorption in the binding of the targets onto the surfaces. This 
can be wise in some cases, where the sample may have lower 
complexity or known chemical behaviour on the bare substrate 
surface. Sometimes, a sample can also be simply dried out; this 
is commonly applied in the case of Raman sensing. Nevertheless, 
throughout the present studies, passive adsorption was used 
because the aim was to demonstrate optical detection, and thus, 
other than the detecting or target molecules have been omitted 
from the schemes. These markers, analytes and binding schemes 
are introduced in Chapter 1.1. 
Once the molecules have been brought to the sample 
surface, the specimen needs to be illuminated for optical 
detection. This often involves the measurement of adsorption, 
fluorescence emission or refractive index changes with an 
illumination arrangement similar to that of a microscope or with 
a simple laser-based arrangement (Kuswandi et al., 2007). These, 
in turn, are similar to the instruments used in traditional optical 
assays. 
Thus, illumination can occur either from the “substrate 
side” (Figure 2A) or from the top (Figure 2B). Furthermore, this 
can be achieved by more or less collimated or focused light. In 
all of these studies (I-IV), the detecting or target molecules are 
directly bound to the surface and later detected in a build-up 
detection set-up (I-II, Figure 2A) or in a regular microscope (III-
IV, Figure 2B). The optical function, particularly signal 
enhancement, is then compared with that of control surfaces, 
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which have the same surface composition but lack the structures 
that can optically enhance detection. These employed 
nanostructures are introduced in Chapter 1.2. 
 
 
Figure 2. Illumination of samples. Laser beam illumination was employed in I-II (A), 
while the samples were illuminated by a microscope in III-IV, which results in conical 
illumination (B). Furthermore, in III, broad band (light bulb source) illumination was 
used, while monochromatic light (laser source) travelled through the focusing optics in 
IV. The analytes were directly adsorbed to the surfaces. In I-III, fluorescence signals 
were studied, while in IV, enhancement of the Raman signal in a narrow slot structure 
was in the focus. Cross-sections of linear gratings are shown (A, B). 
1.1 SAMPLE SURFACES AND ANALYTES  
In this thesis, within works (I-IV), passive adsorption has been 
employed throughout. For this, biomolecules were brought into 
the immediate proximity of the nanostructures; onto RWG in I-
III for enhanced fluorescence sensing, or onto a silver NP-
containing surface in IV for the surface-enhanced Raman 
spectroscopy (SERS). Passive adsorption, or sample drying, is 
commonly used in SERS. This was also the case in IV, where 
samples were allowed to dry out prior to the SERS 
measurements.  
In contrast, drying out was avoided in the fluorescence 
measurements (I-III), and the protein samples were kept in a 
liquid environment during the measurements. This was because 
of the possibility that drying out could drastically change the 
stability and folding state of the proteins, and hence, alter their 
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fluorescent properties as well. Such would particularly harm the 
reliability of the fluorescence studies.  
During the studies, well-known molecules were 
employed, namely, enhanced green fluorescent protein (eGFP, 
in I-III) (Thastrup et al., 2001) and Rhodamine 6G (Rh6G, in IV). 
Rh6G has become established as “the” standard dye molecule 
among various Raman studies, because this makes the 
comparison of the studies possible. In addition to these, 
lysozyme was used in III in order to demonstrate detection by 
the intrinsic fluorescence of a protein. As being one of the most 
studied proteins, lysozyme is a popular model protein, for 
protein folding (Dobson et al., 1994) for instance. All of the 
analytes are also known for their suitability for being passively 
brought to the surface—or at least likely to be bound to it, which 
was then confirmed during these studies. 
Highly porous TiO2 surfaces were used in I-III for the 
protein samples. The porosity originates from a sputtering 
process, in which titanium oxides are “vaporised” with elevated 
temperatures in a vacuum to then be adsorbed onto the growing 
surface layer on the substrate. The stoichiometry of the forming 
oxides can be variable throughout the course of the process for 
several reasons. For instance, the process can be tuned with the 
addition of supplementary oxygen into the reaction chamber. 
Thus, inevitable variations in the conditions can result in small 
crystal size, mixed crystal types (rutile or anastase for titania), 
and amorphousness via non-constant stoichiometry.  
The porosity or the increased surface area then supports 
the passive adsorption. Indeed, due to its adhesive properties, 
porous titania is commonly used in many technical as well as 
biomedical applications. When its known tendency to attract 
biomolecules and particularly cells is harnessed for this type of 
use (e.g. in bone grafting (Hertz & Bruce, 2007)), it is known as 
the one of the most well established biomaterials available. 
Although it was used herein to demonstrate the optical function 
of the components, porous titania and many other 
nanostructured surfaces are indeed good targets for the 
attachment of cells (e.g. eukaryotic or bacterial). Cell 
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attachments to topographically nanopatterned surfaces were 
studied in parallel, but were not included in this thesis 
(Nuutinen et al., 2013; Päivänranta, 2009). Noteworthy, when 
studying cell-surface interactions, the active chemistry is 
optional, since many proteins readily bind to porous surfaces 
prior to or at the initial stage of the attachment. 
Green fluorescent protein (GFP) is a widespread 
molecular tool, the importance of which for the development of 
new methods is well known. As it is a protein—along with other 
fluorescent polypeptides (Jach & Winter, 2006)—it has been the 
subject of extensive genetic engineering, which has led to 
numerous variants, including enhanced green fluorescent 
protein (eGFP)(Thastrup et al., 2001), and to countless fusion 
proteins to be used in molecular and cellular biology as 
molecular sensors and reporters.  
By mutating amino acids (aa), or more precisely; amino 
acid residues (AA) participating in the chromophore formation 
of GFP, emission colour can be enhanced (eGFP) or changed, i.e. 
blue- or red-shifted. In the case of eGFP, only the excitation 
wavelength is red shifted due to specific mutation, but the 
emission wavelength has remained unchanged (Thastrup et al., 
2001). Hence, the Stokes shift has become narrower, which itself 
can be desired in many applications. The most notable of “actual” 
emission colour variants are the cyan (Heim et al., 1994) and 
yellow (Ormo et al., 1996) variants. In addition to enabling 
multicolour imaging, the cyan and yellow variants have 
especially led to the more widespread use of 
fluorescence/Förster resonance energy transfer (FRET) (Merkx et 
al., 2013), which can still compete with or complement other 
microscopy techniques in the cell and molecular biology (Grecco 
& Verveer, 2011) or be used in in vitro inter- or intramolecular 
interaction studies (Heyduk, 2002).  
Other GFP variants can be sensitive to biochemical 
changes in their environment. For instance, certain GFP variants 
can sense changes in pH (Elsliger et al., 1999) or redox-potential 
(Meyer & Dick, 2010). In addition to mutating separate AAs, the 
aa sequence of GFP can be split in order to study protein 
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solubility (Cabantous & Waldo, 2006) or interactions (Hu & 
Kerppola, 2003), or it can be swapped to sense [Ca2+] (Nagai et 
al., 2001). As well, it can be made photoactivatable by 
engineering, which has been found to be beneficial for a variety 
of photobleaching and photoactivation techniques (Patterson, 
2007). Naturally, all existing variants—or those that are yet to be 
designed—could work as macroscopic sensors when attached to 
the sensor surface. As relevant to the context of this book, the 
GFP variants are tools for the probing of molecular and cellular 
events involved in the attachment of cells to a surface (Huebsch 
& Mooney, 2007).  
Herein, eGFP has been produced in a bacterial 
expression system (see Chapter 3.2 for the methodological 
details) and purified with the purpose of demonstrating the 
fluorescence excitation and emission behaviour on the photonic 
surfaces. Similarly, the detection of intrinsic fluorescence of a 
protein, although much weaker, has been demonstrated. The 
intrinsic fluorescence arises from the natural AAs, especially 
from tryptophan (Trp) but in a lesser extent from phenylalanine 
(Phe) and tyrosine (Tyr) residues within the protein sequence. 
Thus, this represents one kind of label-free detection. In III, the 
intrinsic fluorescence of lysozyme, a common protein standard, 
was the subject of this enhanced detection. As a control, the 
fluorescence of free monomeric Trp was also studied. 
Another alternative for label-free detection is Raman 
spectroscopy. Raman scattering of any molecule—also other 
than Rh6G—results in label-free detection and recognition of the 
molecule by its unique Raman fingerprints (De Gelder et al., 
2007). As common in SERS, the sample surface herein consists of 
noble metal structures upon dielectric substrate. Basically, both 
types of materials could be subjects of active surface chemistry 
for a specific assay. For instance, noble metal surfaces could 
enable many facile binding schemes (Cass et al., 1998), most 
notably via thiol-group interactions. However, this is often 
undesired due to several reasons. Most importantly due to the 
fact that Raman spectroscopy is often used for qualitative 
purposes, and secondly, even minor amounts of analyte can 
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produce fingerprints due to the enhanced sensitivity by SERS 
active surfaces. Hence, passive adsorption or simple drying out 
is most often employed. This is the case also in IV. 
Currently, optical label-free methods are gaining ground 
(Fan et al., 2008); however, fluorescence-based methods (with or 
without external chromophores) are a group comprising the 
most important methods within biosciences (Lakowicz, 2009). 
At the same time, the rapid development of single molecule 
detecting techniques (Cornish & Ha 2007; Tinoco & Gonzalez 
2011) with the ability to measure reaction mechanisms and 
kinetics of a single molecule in very small sample volumes 
(Levene et al., 2003; Rondelez et al., 2005), has led to the 
emergence of micro- and nano-fluidics as a notable branch of 
applied and technological sciences. Together, these two trends, 
lead to “multifunctionality”, which could herein mean the use of 
the label-free detection in combination with passive chemistry, 
and further, the future development of schemes of more or less 
“passive physics” for the handling of the biological samples. 
“Passive physics”, as referred herein, means that the sample 
surface could aid in the purification of crude and complex 
samples prior to—or simultaneously with—the detection. In 
principle, such is similar to the traditional use of 
chromatographic materials and porous membranes within 
biosciences, for instance. Such schemes have not been 
experimentally examined within I-IV, but are discussed in 
Chapter 5, in the context of the fluidics.  
1.2 OPTICAL DETECTION AND ENHANCEMENT ON SOLID 
SURFACES 
Many of the methods resolving the composition of liquids 
containing biochemically interesting subjects are based on light-
matter interactions. These include a variety of optical 
spectroscopy techniques based on adsorption, transmittance, 
luminescence, fluorescence and scattering. Some of them are 
capable of sensing chirality too, such as circular dichroism 
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solubility (Cabantous & Waldo, 2006) or interactions (Hu & 
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(Johnson Jr, 1988), and its derivatives at the vibrational energy 
domain (Freedman et al., 2003) and Raman optical activity (ROA) 
measurements (Barron et al., 2004). Some of those are carried 
out in a cuvette and a solution of freely rotating molecules is 
analysed. Another strategy employs immobilised molecules. 
The immobilisation eases the handling and manipulation of the 
environment of the molecules, but also affects the light matter 
interactions, the orientation of the molecules, and occasionally 
makes the measurement scheme unnatural e.g. via steric effects. 
Most importantly, when the molecules or other targets 
are in close proximity to an interface or a medium boundary, the 
optical analysis can be targeted there as well. In the present 
studies (I-IV), this means the employment of resonant 
waveguide gratings (RWG) and surface-enhanced Raman 
scattering (SERS) active silver particles (IV) in order to enhance 
signal gain by producing a local electromagnetic field close to 
these surfaces. Other methods—with certain similarities—could 
employ total internal reflection, in which an evanescent wave is 
typically produced using a prism, as per Snell’s law. These 
include: total internal reflection (TIR) fluorescence microscopy, 
TIRFM (Schneckenburger, 2005), and TIR-based sensors 
(Chrouis & Lee, 2003). Similarly, prism-coupled light can be 
introduced to a thin metallic film, resulting in a family of the 
most well-established sensor technologies: surface plasmon 
resonance (SPR)-based methods (Hoa et al., 2007).  
Light interference is powerful for the sensing of binding 
events on the surfaces, such as in reflectometric interference 
spectroscopy (RIfS) (Proll et al., 2007), optical waveguide 
lightmode spectroscopy (OWLS) (Vörös et al., 2002) or dual 
polarisation interferometry (DPI) (Daghestani & Day, 2010), 
where two parallel waveguides—one for reference, and another 
exposing its surface to analyte buffer—are capable of sensing 
changes in the refractive index with both polarisation states: 
transverse magnetic (TM) and transverse electric (TE). 
Furthermore, interferometric approaches can be combined with 
fibre tip sensors; in bio-layer interferometry (BLI) (Choo et al., 
2008), the fibre tip is covered with a reference layer which 
 
27 
 
produces distinct interference profiles depending on the 
properties (e.g. thickness) of the bound biomolecule layer. 
Hence, the interference pattern can reveal the amount of bound 
molecules, for instance. Typically, all of these interferometric 
methods employ either specific immobilisation chemistry or 
passive adsorption of the bait molecules, followed by probing 
with a solution containing the target molecules. Also, the cell 
attachment to the biomaterial surface can be monitored and 
studied (Ramsden & Horvath, 2009). However, these 
interferometric approaches, like RIfS and DPI, lack the 
generation of a high intensity electromagnetic field in order to 
improve signal gain. 
As both surface types (RWG in I-III and metallic silver in 
IV) are sensitive to RI change, they can be and have been 
harnessed for the spectroscopic and analytic purposes, and for 
the sensor applications. In the present studies (I-IV), however, 
they are less commonly employed to enhance the local EM field 
that is close to the bound analyte molecules in order to enhance 
the absorption and emission or scattering efficiencies in the 
measurements. 
1.2.1 RESONANT WAVEGUIDE GRATINGS  
Discovered and described by Magnusson R and Wang SS in the 
early 90s (Wang & Magnusson, 1993), resonant waveguide 
grating (RWG) represents a diffraction grating structure 
supporting light to couple-in and travel along the dielectric 
transparent waveguide, as in a guided-mode until coupling out. 
The function is manifested as a high portion of reflected light 
when the “right” properties of incoming light are met; the angle, 
the polarisation and the wavelength must match with the 
grating parameters, and most importantly to the grating period. 
At the same time, a portion of transmitted light is close to zero, 
because of the destructive phases of the transmitted and out-
coupled light at the “backside” of the grating. Thus, the function 
of the RWG as a very narrow band-stop filter, which can 
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because of the destructive phases of the transmitted and out-
coupled light at the “backside” of the grating. Thus, the function 
of the RWG as a very narrow band-stop filter, which can 
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separate a polarisation state from another, can be explained 
(Wang & Magnusson, 1993). A schematic presentation of the 
optical function of RWG is shown in Figure 3. 
 
   
 
Figure 3. Linearly polarised light couples into RWG which has sub-wavelength 
periodicity. In this case, the direction of oscillation of the electric component (light 
purple wave) is parallel to the plane of incidence i.e. its magnetic component is 
perpendicular; therefore, the light is called TM-polarised. While propagating in guided 
mode (horizontal arrow), the evanescent field is excited (purple bow on top), which 
fades exponentially as a function of distance from the structure. The light is then out-
coupled with the same angle and polarisation as in the in-coupling.  
 
Since the operation of RWG is based on building in high RI 
grating, it is also sensitive to changes in RI or in the thickness of 
the high RI outer layer (in Figure 3 and I-IV, it is made of TiO2). 
Also, changes in the surrounding medium or environment in 
close proximity alter the optical properties of it via relative 
changes in RIs. Thus, they have been demonstrated for the RI 
sensing of liquids (Yih et al., 2006). Similarly, a binding event of 
a cell (Fang et al., 2006) or biomolecule (Cunningham et al., 2002; 
Yih et al., 2006) to the surface of the RWG can be detected, since 
the events result in a change of the layer thickness, and thus, in 
the change of its effective RI.  
The RI change is seen as a change in the reflected 
wavelength or a change in the reflection angle. Thus, if 
collimated monochromatic light is introduced to such a sensor 
surface, one can detect any change in the angle where reflection 
occurs (Fang et al., 2006) or a change in the intensity of the 
reflected light when using a constant observing angle (Figure 
4A). Alternatively, when using collimated white light for the 
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illumination, one detects a shift in the reflected wavelength as a 
function of the thickness of the adsorbed layer: the thicker the 
layer (of biomolecules), the higher the refractive index, and 
hence, the longer the wavelength reflected at the constant 
observing angle (Cunningham, Lin, et al., 2002; Cunningham, Li, 
et al., 2002; Li et al., 2004; Yih et al., 2006) (Figure 4B).  
As in these schemes, photonic crystals can be also 
exploited via sensing the changes in the RI (Chow et al., 2004).  
In addition to all of these schemes, where RI changes are 
harnessed for sensor applications, gratings can be simply used 
as couplers to produce evanescent waves travelling away from 
it, which can be used in detection elsewhere on the sample 
surface (Agnarsson et al., 2009). By altering the grating 
parameters and RI difference between the waveguide and the 
surrounding substances, evanescent wave properties can be 
tuned; this can be practical in schemes where the penetration 
depth of the field is important, for instance in cell imaging.  
 
 
Figure 4. Employment of RWG and its reflection as a sensor. Light brown represents 
the covering layers, and the medium above it is omitted (white) for clarity. A) When 
using a monochromatic light source, the refractive index change (due to the binding 
event) alters the optimal reflection angle (dashed black line). Naturally, if the 
illumination and observing angles are kept constant, this results in the changed 
intensity of the reflected light (thinner magenta arrow). B) If using a constant angle 
with broadband illumination (rainbow arrow), then the reflected colour is altered 
(green and red arrows) as a result of the changed effective refractive index of the 
covering layer.  
 
Importantly, when a beam “hits” the grating waveguide and a 
propagating mode is supported, the light can be thought to be 
“concentrated” into a shallow (only tens to a couple of hundreds 
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Importantly, when a beam “hits” the grating waveguide and a 
propagating mode is supported, the light can be thought to be 
“concentrated” into a shallow (only tens to a couple of hundreds 
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nanometres thick) structure—resulting in a high intensity EM 
field inside it. This phenomenon and the generated high EM 
field can be employed directly to enhance the excitation of 
fluorescent molecules brought to the grating surface (I-II). While 
being the more effectively excited, the higher emission is also 
expected (I). Behaviour of the emitted light itself is also expected 
to be altered by the grating, since there is only a relatively small 
shift in the wavelengths between excitation and emission; i.e. it 
is expected that the grating could support propagating modes 
for slightly longer wavelengths (I,II).  
 In addition to these studies where in-coupling was fully 
controlled by means of the monochromatic laser beam 
combined with the controlled rotation of the sample, the 
capability of RWG to enhance the fluorescence excitation and 
emission under an epifluorescence microscope was studied in III. 
Furthermore, in IV, RWG was combined to a plasmonic 
component in order to enhance the Raman signal.  
1.2.2 PLASMONICS FOR SURFACE-ENHANCED RAMAN 
SCATTERING 
Raman scattering, discovered in the 1920s by Raman and 
Kirshnan (McQuillan 2009; Raman & Krishnan 1928), is the 
inelastic scattering of photons by a molecule, where it either 
loses (Stokes) or gains (anti-Stokes) energy according to 
molecules’ rotational and vibrational states. Most of the 
scattered photons retain their original energy (Rayleigh 
scattering) and only a very small fraction of photons are Raman 
scattered (typically one out of 10 million scattering events). 
Being such a rare phenomenon, this “type of light scattering” 
“naturally requires very powerful illumination for its 
observation” (Raman & Krishnan, 1928), and therefore, it was 
not until the development of lasers that Raman spectroscopy 
was able to compete with infrared spectroscopy, characterising 
the chemical structure of molecules based on their rotational 
and vibrational states (Hendra & Stratton, 1969). 
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 Even with the aid of powerful monochromatic light 
sources, the Raman Effect often requires further enhancement. 
Most commonly, metal surfaces or particles are exploited. 
Methods relying on metals are nowadays collectively known as 
Surface-enhanced Raman spectroscopy (SERS), and the history 
of SERS (McQuillan, 2009) dates back to 1973, to a study 
conducted by Fleischmann, Hendra and McQuillan, where the 
Raman signal of pyridine molecules on a metallic silver surface 
was examined (Fleischmann et al., 1974). A complete review of 
SERS is presented elsewhere (Le Ru & Etchegoin 2008). A short 
introduction to the principles of plasmonics and SERS is given 
next.  
When light meets a metal surface, surface plasmons can 
be excited. Plasmons are oscillations of free electrons, which can 
couple with photons. These excited surface plasmon polaritons 
(SPP), can then be guided along a dielectric-metal boundary 
(Hoa et al., 2007). When a beam of light is employed, the surface 
plasmon resonance (SPR) can be supported. This is when the 
frequency of photons matches the natural oscillation frequency 
of the free electrons. Indeed, different metals and metal alloys 
have their own optical properties and noble metals are 
commonly employed for that reason; e.g. a film made of silver 
or gold can exhibit resonance frequency at the visible region of 
EM, while other metal films (with the same topographical 
parameters) cannot. In addition to the properties of the metal 
layer itself, SPR is highly dependent on the dielectric 
environment. For example, even a nanometre scale covering 
layer of dielectric material can change the phenomenon 
drastically; this is used in sensors. On the other hand, this 
dependency on the dielectric environment can be problematic; 
surfaces, especially when made of silver, tend to oxidase or 
tarnish by atmospheric sulphur compounds and hence 
meaninglessly change the results of a measurement.  
Instead of continuous smooth metal films (well-known in 
SPR instrumentation), structural metal is often used as well, 
especially in SERS. This is because of the extraordinarily high 
intensities that can be found for different kinds of defects within 
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dependency on the dielectric environment can be problematic; 
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Instead of continuous smooth metal films (well-known in 
SPR instrumentation), structural metal is often used as well, 
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intensities that can be found for different kinds of defects within 
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the surface, such as clefts, pits, tips and from a space between 
particles. These so-called “hot spots” can be then used to excite 
the molecules, which is especially important for Raman sensing.  
For an individual metal particle, SPR is considered 
localised (LSPR). This depends on its size (typically 1-100 nm in 
diameter), shape and dielectric surrounding (Kelly et al., 2003). 
If two or more particles are close to each other, the local 
resonances can interact/couple, thereby affecting or shaping 
fields, especially those between particles. Furthermore, if small 
metallic particles are arranged to a grating with sub-wavelength 
periodicity (Haynes et al., 2003; Lamprecht et al., 2000), this can 
also provoke radiative or extraordinary transmission 
phenomena (Ghaemi et al., 1998) for metal holes that are 
somewhat analogous to those of dielectric resonant gratings. 
Nevertheless, for typical SERS purposes, far-field radiative 
properties are not as important. Hence, randomly distributed 
and roughened metal surfaces can fulfil the demands of local 
EM fields and their coupling to produce “hot spots” for the 
SERS measurements. Of course, these can be employed for the 
enhancement of fluorescence excitation as well, which is known 
as surface-enhanced fluorescence or metal-enhanced 
fluorescence. 
In the case of study number IV, randomly distributed 
metallic silver nodules are combined with RWG in order to 
enhance Raman excitation. Optically, the situation is rather 
more complex (Figure 5). A large fraction of incoming light 
bypasses the upper RWG (since only a small fraction of conical 
illumination has the right angles of incidence) and interacts with 
the SERS substrate below and excites LSPRs to the particles. In 
contrast, another fraction of incoming light directly couples with 
the RWG, producing EM fields of its own. Whether different EM 
fields can interact or induce one or another is the matter of 
theoretical studies; in practice, this would perhaps be seen as the 
higher enhancement of Raman signal than neither alone could. 
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Figure 5. SERS in Raman microscopy. A) in conventional SERS, silver particles are 
placed upon a substrate and illuminated with a laser. LSPRs are excited to the 
particles, producing “hot spots” between them, which in turn excite analyte molecules 
(e.g. Rh6G) attached to them simply by air drying. B) In our study (IV), resonant 
waveguide grating is placed upon the substrate in A. A fraction of illuminating light 
will be coupled directly to RWG, while the rest passes through it and meets the SERS 
substrate below.    
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2 Objectives and outlines 
The aim of the project was firstly; to find, build-up and combine 
important factors needed for biomedical measurements, 
including optical nanostructures to be exploited, namely 
resonant waveguide gratings (RWG) and SERS active silver 
structures, and secondly; to also evaluate which kind of 
spectroscopic measurement could benefit from these, and 
thirdly, what components or arrangements are still needed for 
the ‘multifunctionality’. In the context of this book, that means 
controlling fluids and particles present in a complex sample.  
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3 Methods and approaches 
3.1 DESIGN AND MANUFACTURE OF RWGS 
All of the dielectric resonant waveguide structures employed in 
this work have been designed and manufactured in the Physics 
Department, Joensuu, by Petri Karvinen (I-III), employing 
sputtering in TiO2 deposition on quartz substrate, and by Jussi 
Rahomäki (IV), employing atomic layer desorption (ALD) in 
TiO2 deposition on imprinted cyclo-olefin copolymer (COC) as 
the substrate. Most notably, the ALD process produces 
monocrystalline surfaces, while the sputtering results in the 
highly porous mesh of smaller crystals and amorphous 
materials. However, ALD surfaces were never used as a binding 
substrate, since, in IV, RWG was combined with an SERS 
substrate, which was instead used for the binding of analyte 
molecules. For the manufacturing of SERS components, see 
Chapter 3.3. 
 Structures on the quartz plates (I-III) were manufactured 
with well-known manufacturing methods in lithography (Rai-
Choudury, 1997). Briefly, electron beam lithography using spin-
coated PMMA as a positive photoresist in association with an 
appropriate developer was used, followed by the lift-off process, 
after which the resist structure was used to create a chromium 
mask for application in reactive ion etching with CHF3/Ar 
plasma. After etching, residual chromium was removed, 
followed by sputtering TiO2 (I-III). In IV, similar processes were 
employed to create similar but negative structures on a silicon 
substrate (Saleem et al., 2011), which were employed as a mould 
for hot-embossing structures to COC, followed by ALD of TiO2. 
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3.2 PRODUCTION OF EGFP (IN I-III) 
Originally, I designed and prepared the bacterial expression 
construct used herein with a purpose of screening of soluble 
domains of DNA polymerase epsilon subunits. The construct 
expresses an in-frame fusion of glutathione S-transferase (GST) 
and eGFP. The coding sequence for the eGFP from pEGFP-N1 
vector (Clontech, Mountain View, CA, USA) was subcloned into 
a bacterial expression vector pGEX-1λT (Amersham plc., 
Amersham, UK). Also, short coding sequences for the amino 
terminal spacer (for enzymatic cleavage) and carboxy terminal 
histidine tag (for purification) were introduced within the DNA 
primers (I). The latter one was introduced to the construct 
without any coding sequences for a proteolytic removal of this 
tag.   
I had already tested the construct for its original purpose 
and it managed to predict soluble domains from DNA 
polymerase epsilon B subunit (unpublished), including the 
amino-terminal domain, the structure of which we had been 
previously solved by NMR (Nuutinen et al., 2008). In addition, 
the approach and the vector have been successfully used in the 
domain mapping of ATP-dependent DNA helicase Q4 for 
further biochemical analysis (Keller et al., 2014). 
The use of this construct in the current thesis was easy 
since the empty expression cassette is in-frame, without any 
insert, and the expression level of this fusion was relatively high. 
When expressed in lowered temperatures (as herein, RT), stable 
and brightly green fluorescent preparations are readily achieved. 
Depending on the construct and purpose, using lowered 
temperatures may be even unnecessary (Jakobs et al., 2000). 
Nevertheless, fusion proteins were collected and purified using 
GST-protocols and the carboxy terminal eGFP moiety was 
enzymatically cleaved to a supernatant and dialysed against the 
binding buffer (0.1% triton-X-100 in phosphate buffered saline 
[PBS]; triton-X-100, a surfactant, was used to ensure uniform 
wetting on a porous nanostructure). The protein concentration 
was measured with the bicinchoninic acid assay (BCA kit from 
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Pierce, Rockford, IL, USA) and adjusted to a final concentration 
of 1 μM. Purity of >95% was verified by sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE).  
3.3  MANUFACTURE OF SILVER PARTICLES (IN IV) 
To obtain metallic silver nodules attached directly onto a glass 
substrate, I developed a variation of Tollen’s method. However,  
a similar approach was found already been published by 
another group (Yin et al., 2002). The Tollen’s method is also 
known as ‘silver mirroring’; originally, this was a test for the 
presence of aldehydes or reducing sugars. Since D-glucose is an 
aldehyde and reducing sugar, it readily reduces the complex 
cation [Ag(NH3)2]+ that is present in Tollen’s reagent (IV) to 
metallic silver. Herein, the increasing concentration of D-glucose 
was titrated against the decreasing concentration of Tollen’s 
reagent in order to achieve surfaces with discontinuous 
silvering. As a result, 5 µl 1.0% (w/v) D-glucose and 40 µl 10 
mM Tollen’s reagent was mixed (molar ratio ~9:1) in a drop 
upon the glass substrate and heated to 60°C on a thermal block. 
The molar excess of D-glucose, low total amount of Tollen’s 
reagent and elevated temperature resulted in small silver 
nodules/islands instead of a continuous ‘silver mirror’ (IV). The 
substrate was thoroughly rinsed in ddH2O and dried in an air 
stream to remove any unbound Ag nodules and unreacted 
chemicals. Substrates made with another method (Chen et al., 
2011) were used as a reference during the preparations and 
measurements, and SERS substrates made with the method 
described here were found to be as effective or even more so in 
Raman signal enhancing. Thus, and due to ease of preparation, 
substrates made with this method were combined with RWG in 
the final measurements. 
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3.4 ADSORPTION OF ANALYTE MOLECULES ON SURFACES  
For protein samples, in-house optimised conditions were 
employed. The most attention was paid to the physical wetting 
of surfaces, since the structural and porous TiO2 surfaces 
occasionally exhibited high degrees of hydrophobicity. Several 
surfactants were tested and, because they all seem to cancel out 
the surface effects, a non-ionic type (Triton-X-100) was selected. 
Secondly, pH and salts were varied. The pH employed 
may have an effect on adsorption via electrostatic interactions 
that is dependent on the pI of proteins and the surface. It could 
be hypothesised that pH between the pI of the surface and the 
pI of the adsorbing molecules could result in opposite 
electrostatic charges and hence enhance the adsorption. On the 
other hand, electrostatic interactions would not be the sole result 
when complex biomolecules absorb to the surface, and thirdly, 
both negative and positive electrostatic charges can be still 
present around the molecular surface in reasonable (near 
neutral) pH values.  
Furthermore, the pI of nanostructured titania cannot be 
accurately predicted and values given in the literature vary from 
3.9 to 8.2 (Kosmulski, 2001); for TiO2 made with the sputtering 
method, a pI of 6.2 is reported (Chou & Liao, 2005). Also, based 
on personal communications and observations using Raman, the 
presence of mono-oxides cannot be excluded and the chemical 
(stoichiometry) and physical composition of the final titanium 
oxide surface can vary due to the sputtering processes 
employing different titanium oxides as a starting material (e.g. 
TiO2, TiO, Ti3O5) supplemented with oxygen.  
In summary, the theoretical approach would not be 
satisfactory for the selection of conditions. However, for eGFP 
(theoretical pI of the construct was 6.0 according to ProtParam-
tool (Gasteiger et al., 2005)), slightly alkaline pH values gave the 
best results: good adsorption without visible aggregates or 
uneven distribution when observed in a fluorescence 
microscope. Eventually, phosphate buffered saline (PBS) (with 
0.1% triton-X-100, pH 7.2) was selected for clarity, due to its 
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well-known composition, lack of organic compounds (possible 
sources of background fluorescence) and the known stability of 
eGFP within this buffer. 
In the sample preparation process, proteins were 
allowed to freely adsorb from the buffer which was placed upon 
the surface with a small plastic cylinder attached with vacuum 
grease (leaving ~1 cm2 surface area facing the liquid column, 
Figure 6A). The same ‘bowl’ was employed in the washing steps, 
where the excess of unbound and loosely bound proteins was 
discarded. After adsorption (at least 2 h at room temperature 
[RT]) and washing steps (3 times, 10-30 min, 500 µl, with 
occasional, careful swinging) the cylinder was removed and a 
drop of fresh buffer was sealed under a cover slip pressed 
against the ring shaped residues of vacuum grease (Figure 6B). 
 
 
Figure 6. Schematic presentation of practice for adsorption of proteins. A) A cylinder 
filled with buffer is attached with vacuum grease to the surface and replaced B) with a 
cover slip. C) In the close-up, green dots represent eGFP molecules bound to the 
surface of RWG. 
 
Similarly, for lysozyme (pI 11.35 according to (Wetter & 
Deutsch, 1951)), pH was screened and 8.0 was selected. That 
was probably between the pIs of sputtered TiO2 and lysozyme, 
resulting in opposite charges. Being a highly soluble protein, the 
effects of salt concentration were not thoroughly tested. In this 
case, 100 mg lysozyme was dissolved in 9 ml of pure ddH2O and 
the pH was adjusted (to 8.0) with NaOH and HCl, resulting in 
approximately 10-20 mM [Na+] and minor amounts of Cl-. 
Volume was adjusted to 10 ml, resulting in 1.0% (w/v) lysozyme. 
To exclude the possibility of fluorescence from components 
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other than lysozyme itself, several different compositions of 
dialysis buffers (e.g. pure water or 10 mM Tris, pH 8.0) were 
tested (with M/W-cut-off of 3500 Da) resulting in identical 
results under the microscope. For III, a test with L-Trp samples 
(2% in alkaline) alone was also conducted as a control for the 
optical behaviour of this fluorescent aa on the surface alone.   
For IV, 1.0 µM Rhodamine 6G was applied to the surface 
and incubated for 20 min. at RT. The excess of Rhodamine 6G 
was washed off with ddH2O and the slide was air dried prior to 
measurements being taken. 
3.5 MEASUREMENTS 
All measurements were conducted at RT, with an ambient 
atmosphere and minimising any external light income. 
Since eGFP exhibits the excitation and emission maxima 
at 488 nm and 509 nm, respectively, a laser with a wavelength of 
473 nm and band-pass 510+/-10 nm filter in front of the camera 
were employed. Also, a rotary linear polariser was placed in the 
emission pathway. The schematic view of the set-up is shown in 
Figure 7.  
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Figure 7. Measurement set-up in laser-based studies I-II. Incoming laser beam angle 
was varied in I-II to identify the resonance conditions. For emission, the observation 
angle (emission angle) was constant in I, but was variable in II, in order to locate ‘the 
beaming effect’. 
 
Notably, during study (I), it appeared that fluorescence may not 
be radiated evenly in different directions, even if the emission 
was weakly visible to the naked eye. This led us to hypothesise 
how emitted light would behave in the grating and to build up 
the second measurement set-up where the observation angle 
was also variable (Figure 7). 
During the studies (I, II), it became obvious that the 
gratings could also enhance the fluorescence signal in a 
microscope. This led to us studying this more closely both 
experimentally and theoretically (III). In the case of conical 
illumination (III), an epifluorescence microscope was used 
(Zeiss axioplan 2) with a broad-band illumination source 
(HBO100, a high-pressure gas discharge vapour mercury lamp) 
and appropriate filtering for excitation and emission: band-pass 
450-490 nm for the eGFP excitation and high-pass 515 nm for its 
emission (with 510 nm beam splitter, filter set 09 from Zeiss). In 
contrast, for the intrinsic fluorescence of lysozyme, the filter set 
with 365/12 nm excitation band and 397 nm long pass for the 
emission was used (filter set 01 from Zeiss includes a 395 nm 
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beam splitter as well). In the latter case, suitability of the 
atypical excitation channel (the typically intrinsic fluorescence of 
proteins is excited around 300 nm wavelengths) was thoroughly 
investigated and controlled (See Electronic supplementary 
information (ESI) for III, DOI: 10.1039/c2ay25470k). 
In IV, the manufactured RWG and SERS substrate (with 
bound analytes) were combined into a face-to-face arrangement 
and held together with powerful ring-shaped magnets during 
the measurements in the inVia Renishaw Raman microscope 
with an excitation wavelength of 514 nm and a 50x objective 
(NA of 0.45).  
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4 Results and discussion 
In summary, 1) the resonance of incoming light was found to 
enhance fluorescence excitation as the function of the angle of 
incidence (I). 2) Emitted light was found to direct and have 
certain polarisation properties (I,II) regardless of the resonance 
of the incoming light, indicating that emission is in- and out-
coupled in a resonant manner. 3) These two effects together are 
enough to enhance total fluorescence substantially, even when 
using the non-optimal arrangement of incoming light (III). 4) 
When combined with the SERS active surface over the narrow 
(sub-wavelength) slot, Raman signal can be enhanced more than 
is possible with each component alone (IV), indicating a 
synergistic interaction between two evanescent fields supported 
by the components. This was also true when using the non-
optimal arrangement of illumination. These results together 
(III,IV) imply that illumination does not necessarily require 
costly light sources, and furthermore, such light sources provide 
angular tolerance in schemes where the enhancement of 
excitation and emission (including Raman scattering) are 
primarily desired, as opposed to sensing schemes where the 
change in effective RI is detected by this angular sensitivity. 
Studies (I-IV) are summarised by Table 1. 
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(sub-wavelength) slot, Raman signal can be enhanced more than 
is possible with each component alone (IV), indicating a 
synergistic interaction between two evanescent fields supported 
by the components. This was also true when using the non-
optimal arrangement of illumination. These results together 
(III,IV) imply that illumination does not necessarily require 
costly light sources, and furthermore, such light sources provide 
angular tolerance in schemes where the enhancement of 
excitation and emission (including Raman scattering) are 
primarily desired, as opposed to sensing schemes where the 
change in effective RI is detected by this angular sensitivity. 
Studies (I-IV) are summarised by Table 1. 
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Table 1. Summary of measurement set-ups and experimental results I-IV. Note that 
enhancement factors (EF) in the fluorescence studies are not directly comparable to 
that of in the Raman study. 
 
 I II III IV 
Illumination 
geometry 
beam beam 
conical, 
0.75 NA 
conical, 
0.45 NA 
Light source 
monochro 
matic 
monochro 
matic 
broad band 
monochro
matic 
        polarisation linear linear no linear 
Analyte(s) eGFP eGFP 
eGFP, 
lysozyme, 
Trp 
Rh6G 
Medium aqueous aqueous 
aqueous, 
air 
air 
Interest 
fluores 
cence 
fluores 
cence 
fluores 
cence 
Raman 
Optical component(s) RWG RWG RWG 
RWG+ 
SERS 
Enhancement tot. 80x 530x 30x 20x 
        excitation 80x 100x ? ? 
        emission - 30x ? ? 
4.1 SIGNAL ENHANCEMENT WITH LASER BEAM EXCITATION 
4.1.1 RESONANCE OF INCOMING LIGHT 
In studies I and II, a laser beam excitation at 473 nm was 
employed, which makes the accurate manipulation of the angle 
of incidence possible. The beam of TM-polarised (transverse 
magnetic) light was introduced to the surface in a set-up where 
grating lines were vertical and the plane of incidence was 
horizontal. Hence, the direction of oscillation of the electric field 
of the incoming light was perpendicular to the grating lines. In 
this configuration and supported mode—with the right angle of 
incidence—maximal in-coupling could be reached. In the first 
study, it was theoretically estimated that over 150-fold intensity 
on the grating surface could be achieved.  
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Similarly to these theoretical predictions, around 80-fold 
(I) and 100-fold (II) enhancement in the fluorescence signal 
(compared with the unstructured surface) was experimentally 
realised due to the resonance of exciting light. Taking into 
account the fact that surface area was also increased, and 
roughly doubled, this is less than theoretically expected. This 
might be due to several reasons. First, the photobleaching of 
eGFP chromophore during the measurement was obvious 
(depending on the employed intensity of the in-coming light 
and resonance conditions, the half-life of total fluorescence 
emission was measured to be in a time scale of tens of second to 
several minutes, not shown). Secondly, as seen in cross-section 
SEM of employed grating structure (I), grating lines could be 
occluded due to the over-growth of TiO2, and hence cancel the 
increase in surface area. Nevertheless, perhaps most importantly, 
theoretical estimation is based on the highest field densities 
inside the grooves and does not average over the surface, and 
furthermore, the dimensions and RI of actually manufactured 
grating material differ from those of the theoretical part. 
 That and slight variations in the actual RI due to 
sensitive manufacturing procedures might be the reasons also 
for the fact that the optimal angle of incidence was slightly 
different from that of theoretically predicted (I). As noted before, 
even a slight change in the RI might result in considerable 
changes in the angle of resonance. This explains also the slightly 
different resonance angles between the studies I and II and 
between the samples within them. 
Nevertheless, the form of function of angular 
dependency matches, and strongly implies that higher 
fluorescence detected bases on the higher in-coupling, and the 
higher intensity field inside the grating. Considering this and all 
of these factors that may either increase or decrease the 
observed signal levels, the theoretical and practical works were 
found to be in good agreement. 
 During the experiments (I), it was noted that emitted 
light might have interesting properties as well. First of all, when 
observed with the naked eyes, a notable proportion of emission 
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found to be in good agreement. 
 During the experiments (I), it was noted that emitted 
light might have interesting properties as well. First of all, when 
observed with the naked eyes, a notable proportion of emission 
 48 
appeared to be directed to the certain angle in the horizontal 
measurement plane. Secondly, emitted light was found partially 
polarised, more precisely, when intensities were measured 
through the linear polariser, the horizontal direction overweight 
the other directions i.e. the most of this emitted light was TM 
polarised. This led us to study the emission more carefully (II). 
4.1.2 BEHAVIOUR OF EMITTED LIGHT 
In study II, we were able to roughly estimate how much of the 
total gain is due to the excitation resonance and due to the 
emission resonance. The first was contributing around 3.3 fold 
more than the latter one to the total gain (calculated from Table 
1). However, in comparison to study I, collecting the emission 
from the right direction, up to 30-fold extra gain in the signal 
levels was achieved. This resulted in the total of 530-fold 
enhancement, which is notably high gain for dielectric 
structures.  
As comparison, with 2D photonic crystals, an 108-fold 
gain in the fluorescence signal has been reported (Ganesh et al., 
2007). Noteworthy, in that particular study, so called quantum 
dots (QD) were employed as the source of the fluorescence 
signal making the direct comparison complicated with our 
study (II), where molecules (that are much smaller in their 
dimensions than QDs) were allowed to adsorb onto the surfaces. 
In another study (Wu et al., 2010), Cy5 dye molecules were 
dried out on a porous 1D photonic crystal surface, resulting in 
very similar, a 588-fold total gain in the fluorescence. However, 
that structure is much more complicated (to fabricate). 
Interestingly however, Wu and his co-workers (Wu et al., 2010) 
used different polarisations; TM and TE, for the excitation and 
emission, respectively. During the study II, both states were 
recorded, but TM was found to give the higher emission peaks. 
Explanations for this, among other issues, are discussed in the 
following paragraphs. 
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When molecules bound to the grating surface are excited 
and then undergo emission, one could see this as a light source 
inside the grating. In study I, after excitation with TM polarised 
light, the observed emission was partially polarised and 
dominated in TM direction. Much of this can be readily 
explained by the photoselective excitation. This means, first of 
all, that some molecules in the ensemble of (randomly) bound 
molecules are more likely to be excited than others due to their 
orientation in relation to the surface and direction of the 
oscillations of the EM field. Then, if we consider a bound 
molecule simply as a dipole, it is likely that dipoles of the 
ground states and the excited states are rather very similar 
(intrinsic anisotropy), and thus emitting anisotropic light 
preferring the same polarisation as in the excitation. 
This applies when molecules are bound to the surface, 
and hence retain their orientation during the fluorescence cycle.  
As curiosity, the phenomenon is also used in polarisation 
microscopy techniques, where the fast rotational diffusion of 
chromospheres leads to depolarisation and vice versa. Naturally, 
this is often combined with instrumentation capable of resolving 
fluorescence lifetime (Levitt et al., 2009). 
It is likely that most of the molecules are bound or 
diffuse very slowly out of the porous structure. An indication 
for this comes from observations (not shown) in the last 
washing step during the sample preparations, where no 
fluorescence was detected from the elution. If we, however, 
make an assumption that the molecules are able to change their 
orientation during their fluorescence cycle, we would perhaps 
still see emission effects in the far-field; a fraction of emitted 
photons would be retained in the waveguide and then out-
coupled in a resonant manner. An indication for such is clearly 
seen in II (see Fig.3b in II), where TM and TE polarised 
emissions were directed in slightly different directions by the 
grating.  
Nevertheless, the orientation of molecules in relation to 
periodic grating faces may not necessarily be random. Most 
importantly, it depends on the chemistry and porosity of the 
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surface. While sputtered titania represents a chemically and 
structurally heterogeneous surface, possibly randomising the 
orientation of the molecules, a surface grown with ALD or 
smoothed with a covering layer would perhaps promote more 
anisotropic binding. Together with more specific binding with 
active surface chemistry, this would probably further alter the 
intensity and polarisation of emitted light by the photoselective 
excitation and intrinsic anisotropy.  
An unresolved question might arise in addition to the 
control of molecular orientation: could the ‘beaming effect’ be 
otherwise altered or enhanced? An interesting option might be 
that some stimulated emissions could occur if the system would 
be pushed to saturation and more emission would be guided 
along the structure. Could this be even though a classical optical 
cavity, such as mirrors, which is typically required for the lasing, 
is absent? By using mirrors, such cavity can be formed and 
eGFP, even inside a cell, can be put to a lasing mode (Gather & 
Yun, 2011). Already before the lasing threshold, sharp peaks can 
rise within the emission spectra. Perhaps, by combining RWG 
with other components, the amount of stimulated emission 
could become visible. To study the possibility of stimulated 
emission, spectral measurements would definitely be needed. 
Increasing stimulated emission may also affect the stability of 
the dye via shortened lifetime. Also, this may change the 
detection and data analysis schemes and strategies.  
  The coupling of emission with metallic structures is 
known (Taminiau et al., 2008; Wu et al., 2009). In addition to 
downstream “beaming” by such structures, the metallic 
structures can improve the poor quantum yield of a dye (Tam et 
al., 2007). Even for a dye which has already a good quantum 
yield (40%), further improvement (up to 59%) when using 
clusters of metallic nanoantennas, has been reported (Muskens 
et al., 2007). This effect is probably mostly due to the direct 
coupling and hence shortened lifetime of the excited state. 
Whether similar near-field coupling, with shortened lifetime, 
can occur with dielectric resonant structure, is not something I 
have been able to answer. Intuitively, the nature of dielectric 
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grating material would affect this. Perhaps by adding plasmonic 
materials, quantum dots, dopants or other energy acceptors 
within dielectric grating, one could considerably alter the course 
of the emitted light by direct energy coupling. This would 
increase the poor quantum yield and hence, improve label-free 
measurements in particular. 
In summary, several factors rule the properties of 
emission in far-field: the nature of chromophores and their 
relative orientation and degree of orientation, the photoselective 
excitation, the grating function (supported or allowed modes) 
and possibly the amounts of stimulated emission, energy 
transfer and anisotropic quenching. Hence, further studies 
would especially benefit from using instrumentation that is 
capable of sensing spectral changes. Capability of resolving the 
lifetime and the coherence and polarisation properties of the 
fluorescence could further shed some light on the issues. 
4.2 SIGNAL ENHANCEMENT IN MICROSCOPE 
When conical, unpolarised light is used for the excitation, it can 
be postulated that only a fraction of the incoming light meet the 
resonance conditions. Since there is a relation between the 
angles of incidences, polarisation and wavelengths, there can be 
such combinations—in addition to those described in Chapter 
1.2.1—that in-couples into a grating. Theoretically, such scenario 
is roughly estimated in III, with two polarisation directions (TM 
and TE), varying angles of incidence within the conical angular 
space and a broader wavelength band. The amount of reflected 
light was calculated instead of the field intensity inside the 
grating, since this approximation was much lighter for 
computing and hence allowed many combinations to be 
calculated. In Figure 8, one combination of polarisation and 
angles of incidences is shown. 
 
 50 
surface. While sputtered titania represents a chemically and 
structurally heterogeneous surface, possibly randomising the 
orientation of the molecules, a surface grown with ALD or 
smoothed with a covering layer would perhaps promote more 
anisotropic binding. Together with more specific binding with 
active surface chemistry, this would probably further alter the 
intensity and polarisation of emitted light by the photoselective 
excitation and intrinsic anisotropy.  
An unresolved question might arise in addition to the 
control of molecular orientation: could the ‘beaming effect’ be 
otherwise altered or enhanced? An interesting option might be 
that some stimulated emissions could occur if the system would 
be pushed to saturation and more emission would be guided 
along the structure. Could this be even though a classical optical 
cavity, such as mirrors, which is typically required for the lasing, 
is absent? By using mirrors, such cavity can be formed and 
eGFP, even inside a cell, can be put to a lasing mode (Gather & 
Yun, 2011). Already before the lasing threshold, sharp peaks can 
rise within the emission spectra. Perhaps, by combining RWG 
with other components, the amount of stimulated emission 
could become visible. To study the possibility of stimulated 
emission, spectral measurements would definitely be needed. 
Increasing stimulated emission may also affect the stability of 
the dye via shortened lifetime. Also, this may change the 
detection and data analysis schemes and strategies.  
  The coupling of emission with metallic structures is 
known (Taminiau et al., 2008; Wu et al., 2009). In addition to 
downstream “beaming” by such structures, the metallic 
structures can improve the poor quantum yield of a dye (Tam et 
al., 2007). Even for a dye which has already a good quantum 
yield (40%), further improvement (up to 59%) when using 
clusters of metallic nanoantennas, has been reported (Muskens 
et al., 2007). This effect is probably mostly due to the direct 
coupling and hence shortened lifetime of the excited state. 
Whether similar near-field coupling, with shortened lifetime, 
can occur with dielectric resonant structure, is not something I 
have been able to answer. Intuitively, the nature of dielectric 
 
51 
 
grating material would affect this. Perhaps by adding plasmonic 
materials, quantum dots, dopants or other energy acceptors 
within dielectric grating, one could considerably alter the course 
of the emitted light by direct energy coupling. This would 
increase the poor quantum yield and hence, improve label-free 
measurements in particular. 
In summary, several factors rule the properties of 
emission in far-field: the nature of chromophores and their 
relative orientation and degree of orientation, the photoselective 
excitation, the grating function (supported or allowed modes) 
and possibly the amounts of stimulated emission, energy 
transfer and anisotropic quenching. Hence, further studies 
would especially benefit from using instrumentation that is 
capable of sensing spectral changes. Capability of resolving the 
lifetime and the coherence and polarisation properties of the 
fluorescence could further shed some light on the issues. 
4.2 SIGNAL ENHANCEMENT IN MICROSCOPE 
When conical, unpolarised light is used for the excitation, it can 
be postulated that only a fraction of the incoming light meet the 
resonance conditions. Since there is a relation between the 
angles of incidences, polarisation and wavelengths, there can be 
such combinations—in addition to those described in Chapter 
1.2.1—that in-couples into a grating. Theoretically, such scenario 
is roughly estimated in III, with two polarisation directions (TM 
and TE), varying angles of incidence within the conical angular 
space and a broader wavelength band. The amount of reflected 
light was calculated instead of the field intensity inside the 
grating, since this approximation was much lighter for 
computing and hence allowed many combinations to be 
calculated. In Figure 8, one combination of polarisation and 
angles of incidences is shown. 
 
 52 
 
Figure 8. An example of a combination of two conical angles for incoming light. A 
fraction of incoming light (purple wave and arrow) in-couples to RWG and 
contributes to the high intensity field inside the grating (magenta haze). In this 
picture, transverse electric (TE) polarisation is employed. Unlike in two earlier studies 
(I-II), the illumination occurs now from above the sample surface. Furthermore, 
typically only the θ angle is varied in the sensor applications, as well in I-II. In all of 
those cases (where a single beam of light is employed for the maximal in-coupling of 
the illuminating light), a slight change in the φ angle is better tolerated, while a 
change in the θ can drastically change the coupling efficacy.   
 
Rather than giving a numerical estimation of total enhancement, 
these stimulations show that favourable optical function might 
be found with much larger angles (especially for the φ angle, 
Figure 8), for both polarisations. For instance, for TE, it seems 
that angles even higher than 50 degrees could be favourable. 
Nevertheless, to experimentally test total enhancement for TE 
and TM would require radially or azimuthally polarised light. 
On the other hand, linear polarisation, either parallel or 
perpendicular in relation to the grating grooves, would again 
provide different results. Experimentally, this would be much 
easier to test; it would require a linear polariser to be added to 
the excitation path. Preliminary observations showed the 
intensity changed to the naked eye while rotating the linear 
polariser placed on light paths (not shown). This is in agreement 
with a similar study, where the enhancement of fluorescence of 
spin-coated Rh6G layer was found polarisation dependent; the 
enhancement was higher when the electric component of 
polarised light was parallel to grating lines in comparison to 
perpendicular orientation (Hung et al., 2006). However, a closer 
look at polarisation would be an issue for another study and 
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would perhaps benefit from new grating designs, new 
approaches to theoretical estimations and, of course, good 
control over polarisation for both excitation and emission paths. 
However, this time (III), experimental realisation, 
without any control on polarisation, gave around 30-fold 
increases in signal for both eGFP and lysozyme. This is 
relatively high gain, since around tenfold enhancement has been 
reported in similar set-up (Hung et al., 2006). In that particular 
study, the fluorescent material was spin-coated upon dielectric 
grating, which may have some effect in comparison to the 
passive adsorption employed herein.  
In the case of lysozyme, the fluorescence signal arises 
mostly from tryptophan residues within the sequence (around 
4 % of all AA). 30-fold gain is particularly high for intrinsic 
fluorescence. In comparison, only a 2-3-fold enhancement in Trp 
fluorescence with metallic, so-called, silver island films (SIF) had 
been previously reached (Szmacinski et al., 2009). 
Correspondingly, in the case of eGFP, the SIF’s can result in 6-
fold enhancement and improve the total amount of photons 
emitted before photobleaching by a factor of ten (Fu et al., 2008). 
This is probably due to the shortened life-time of the excited 
state, which means a shortened time for individual molecules 
being in the excited state and hence vulnerable to chemical- or 
photo-induced damage (Lakowicz & Fu, 2009). Life-time 
measurements or calculating fluorescence life-time in RWG 
would again be interesting in this respect.  
Even RWG gives a relatively high gain in the signal 
levels; on the other hand, its suitability for imaging techniques is 
bipartite. While it gives higher excitation, especially in close 
proximity to the surface (which can be desired), in contrast, the 
in-coupling of emitted light could lower resolution due to 
traveling in the waveguide. As the excitation field decays 
exponentially, it seems that efficacy of the in-coupling of 
emitted light is also greatly dependent on the distance as 
estimated by Rahomäki J (Rahomäki, 2013), who suggested that 
with distances over 100 nm in-coupling is practically lost. Which 
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effect decays more rapidly, or whether both do with the same 
distances, remains an open question. 
However, in the case of a thick sample (e.g. a cell, >>100 
nm) and illumination from above, much excitation also occurs 
outside of the evanescent field distance. Much of this could be 
avoided with changing illumination to occur from the backside, 
and to the same arrangement as in I-II or in TIRFM. Also, 
emission coupling could perhaps be avoided in imaging 
schemes using multiphoton excitation or dyes with 
exceptionally large stokes shifts. Together, these approaches 
may ensure the higher ratio of excitation in-coupling in relation 
to emission in-coupling. 
It is of particular note that, if using one polarisation at a 
time, the position of the most intense field can be different. 
Based on calculations by Karvinen P (personal communication), 
the highest field intensities in relation to the grating structures 
are located at different depths for TE and TM modes. This might 
be one option for tuning the penetration depth of the evanescent 
wave for illuminating cells or other larger particles placed upon 
the grating. Perhaps, by a certain grating design supporting 
different modes, the illumination depth could be changed even 
during the imaging.  
Taken together, the conical illumination arrangement can 
be beneficial in schemes where enhancement of the fluorescence 
signal of bound targets is desired without any angular 
sensitivity or the need for high resolution imaging. Such scheme 
could be a so-called lab-on-chip type application. For high 
resolution imaging schemes—similar to TIRFM—one would 
have to use different strategies to ensure satisfactory resolution. 
Naturally, demands for the resolution can be much lower, for 
example in a high-throughput imaging or screening, where the 
amount of gene expression, for instance, can be more vital than 
the precise subcellular location of the product.  
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4.3 RAMAN SIGNAL ENHANCEMENT IN MICROSCOPE 
Similar approaches to illumination and for theoretical 
estimation were employed here (IV), as in the previous study 
(III). This time, however, laser illumination at 514 nm was used 
through 0.45 N/A focusing optics and the RWG design was 
based on these values. Furthermore, RWG was combined with 
an SERS substrate by pressing them against each other—“face to 
face”—leaving only a very narrow physical gap between these 
two planar surfaces. Thirdly, analytes were attached to the SERS 
substrate, not to the surface of RWG. 
 In the theoretical calculations, this gap was supposed to 
be less than 100 nm. Indeed, for the function, the gap must be 
small enough to ensure the interaction between two evanescent 
fields. In the experimental part, however, this gap height must 
have been varying along the sample position and the exact 
height cannot be determined. 
However, practical work showed a 20-fold enhancement 
in comparison to that of the SERS substrate alone. Also, RWG 
alone has been found to be unable to enhance Raman signals in 
this (IV) and similar set-ups (not shown). This strongly implies 
that the efficiency of the combination of these two components 
is based on interactions between two evanescent fields over the 
slot. This, along the theoretical simulations, suggests that 
enhancement could occur over the slot, not only at each surface 
at a time. Thus, such sub-wavelength slots could enable small 
volumes to flow through the slot channel, and to illuminate not 
only on the “hot-spots” of the SERS substrate but the whole 
volume between. 
Noteworthy, unlike the fluorescence or absorption 
spectroscopies, Raman spectroscopy can be employed in a wider 
spectral range, since the photon energy is not completely 
absorbed. This can of course be practical for the measurements 
(Schrader et al., 1999); the longer wavelengths result in less 
photodamage or higher penetration depths. More importantly, 
in the context of this thesis, the wider spectral region would also 
give tolerance to the photonic design. In particular, longer 
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wavelengths are interesting. In the near-infrared (NIR) region, 
where water is still relatively transparent and the background 
fluorescence is low, designed “sub-wavelength structures” 
could be bigger, and hence ease fabrication without loss in the 
finest topographical details. Furthermore, this could of course 
enable the employment of fabrication methods that usually 
produce structures larger than the wavelength of visible light. 
These methods could include light lithography, polymer 
wrinkling (Chung et al., 2011) and cracking methods. Of course, 
using NIR for the measurements would enable the use of some 
materials that are opaque at the visible region, most importantly 
silicon. 
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5 Applications and future 
directions 
As presented in the introduction, RWGs have been widely used 
in sensing changes in RI, while the results of the current studies 
(I-IV) have implicated potential for the enhancement of 
fluorescence and Raman signals. Furthermore, the studies 
concluded with the conical illumination (III-IV) implicate 
applicability for the lab-on-chip schemes, where fluidic 
components are often combined with optical ones.  
As RWG itself works as a light coupler for other optical 
structures, like in IV, Chapter 5.1 suggests such future studies 
where RWG can be redesigned and combined other optical 
nanostructures. In particular, when planar components are 
stacked, the space between them could support both fluidics 
and enhanced detection at the same time. Hence, Chapter 5.2 
discusses these fluidics schemes in addition to the sample 
behaviour on the surfaces. Lastly, based on these conceptions, 
an imaginary optofluidic device is presented. 
5.1 OPTICAL SCHEMES 
Both RWG and plasmonic structures can enhance the 
fluorescence and Raman excitations. Both kinds are also capable 
of emission beaming. Perhaps, while Raman scattering is a very 
fast phenomenon, the fluorescence lifetime can be affected at 
least by the plasmonic structures, making them interesting for 
fluorescence enhancement schemes too. 
Two possibilities are discussed here: how RWG and 
similar structures can be used as they are (Chapter 5.1.1), and 
secondly, how they could be combined with each other, 
especially to plasmonic structures (Chapter 5.1.2). In both cases, 
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coupling properties can be put into use, either by redesigning 
RWG as a planar component or by stacking it with another 
component. 
5.1.1 ALL-RWG AND RWG DESIGN SCHEMES 
Two-photon excitation (2PE) usually requires the high-intensity 
field supported by a focused (confocal) laser beam. Alternatively, 
a resonant waveguide, similar to ours, has been used (Soria et al., 
2004). It could be still worth studying how the 2PE could be 
used for excitation of the intrinsic fluorescence of native proteins 
and other biologically important markers (Schulze & Belder, 
2009). As most of them are excited in the UV-region of EMR 
spectra, 2PE with RWG could provide both gentle excitation and 
emission beaming (II) at the same time.  
Simultaneous single and multiphoton excitations would 
be one solution to excite different chromophores at the same 
time. However, the higher the number of simultaneously 
absorbed photons, the lower the probability of excitation; hence, 
a more sensitive dye must be selected for multiphoton 
excitations. On the other hand, while the illuminating field is the 
most intense closest to the grating, one may use multiphoton 
excitation near to the surface and single photon excitation 
further from the surface. That could be the case when cells are 
illuminated: on a cell surface (which is closest to the highest 
intensity field of RWG), 2PE could occur, while further in the 
cytosol of the cell, single photon excitation would still be readily 
possible.  
Raman measurements could benefit from RWG working 
simultaneously as a narrow band stop filter. It should be 
remembered that when resonance conditions are met, 
transmission of a laser beam reduces to zero. When measuring 
from the backside, this would result in build-in filtering. In 
Raman measurements, filtering is important, since extremely 
high power excitation could be used. Actually, we never tested 
Raman enhancement in the laser beam set-ups similar to those 
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seen in I and II. Regardless of whether combined or not with 
SERS active components, an option would be that single photon 
excitation is used for weaker Raman signals and multiphoton 
excitation for distinct fluorophores. In this scenario, the Raman 
signal could be detected as normal on NIR—for example—and 
2PE fluorescence at the visible region. 
The grating design is important. In our studies (I-IV), 
and in the literature, 1D grating designs have mostly been 
employed. During our studies, 2D designs were proposed and 
superficially tested (not shown), with the idea that with 2D 
gratings, different modes could be supported with different 
periods in the second dimension. That again could be beneficial 
for measuring multiple dyes as well. These 2D schemes are 
analogous to those presented in a study (Ganesh et al., 2007), 
where a designed 2D photonic crystal was used in order to 
enhance the fluorescence excitation and emission of QDs 
simultaneously.   
The non-constant period of grating lines, other defects 
within, or variations in the third dimension or in materials 
would have their own effects. One could use annular (Liu et al., 
2010) or radial arrangements of grating lines; such could 
perhaps provide certain advantages, especially in the case of 
conical illumination or when combining them with other 
components. Furthermore, one could place a pore in the middle 
of radial or annular grating, and thus specifically focus the most 
intense field to illuminate molecules stacked or flowing through 
the pore.  
Lastly, a stack arrangement of different RWGs could 
make a single light source (e.g. LED) capable of simultaneous 
excitation.  
5.1.2 COMBINING RWG WITH OTHER RESONANT STRUCTURES 
The use RWG for direct light coupling to waveguide is well 
known. As shown in IV, where the plasmonic structure is 
combined with RWG face-to-face in the near-field, there are 
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other options to put RWG’s coupling capabilities in use. 
Furthermore, in addition to placing other structures or particles 
upon RWG, it could serve as in- and out-couplers for other 
dielectric resonators (Vahala, 2003), such as ring resonators or 
microspheres, even in the submicron size scale (Zhou et al., 
2012). This could be done also by placing the introduced 
structure to an appropriate grating defect similar to those of 
photonic crystals (Joannopoulos et al., 2011).  
Defects could also be physical targets for plasmonic 
particles (Figure 9A shows one kind defect, a linear and parallel 
to the grooves). For a chain of plasmonic particles placed in a 
larger groove, different modes could be introduced. That would 
greatly affect inter-particle coupling and hence grating could 
work as a control for plasmonic phenomena. On the other hand, 
reverse coupling could be interesting to study, since LSPR can 
be blue- or red-shifted according to the modes. Notwithstanding 
the plasmonic considerations, continuous metal structures 
instead of particles within RWG could work simultaneously as 
an electrode. That could be placed in grooves or above RWG, as 
in Figure 9B. Applying an electric field to such could recruit 
molecules with their electric charge near to these structures.  
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Figure 9. Combining RWG with plasmonic structures. A) Grating defects can easily 
be manufactured and filled with plasmonic particles. Depending on polarisation and 
the direction of incoming light, either longitudinal or transverse modes for the plasmon 
resonance could be excited. B) RWG could be combined with the plasmonic structure 
by stacking, similar to that seen in IV. If the plasmonic structure is continuous, it 
could also be used as an electrode and hence used to drive molecules within the 
generated electric field.  
  
If combined with plasmonic structures, as in IV, they can affect 
binding schemes, but simultaneously with optical schemes. 
Noteworthy, simple rod-shaped plasmonic structures (nano 
antennas) can also direct emission polarisation dependently 
(Taminiau et al., 2008). Both positive metallic nanostructures 
and corresponding negative holes in metal films can be tuned to 
have an optical response (Wu et al., 2009). Furthermore, holes 
can also have a physical aperture allowing fluorescent 
molecules to pass through the substrate (Aouani et al., 2011) and 
are thus attractive for single molecule detection and trapping.  
As noted earlier, holes smaller than the wavelength can 
exhibit extraordinary transmission (Ghaemi et al., 1998). 
Furthermore, they can show negative RI (Shalaev, 2007), one 
surprising property that “meta-materials” (Zheludev, 2010) can 
exhibit. To the best of my knowledge, using these properties in 
sensing purposes is rare—perhaps, enhanced RI sensing with 
self-assembled nanorod forests is based on some unique 
properties of the meta-materials (Kabashin et al., 2009). Notably, 
by chemically designing NP covering layers, the “traditional” 
self-assembly of NPs can be turned light controllable (Klajn et 
al., 2007)—this certainly opens up further views.  
Nonetheless, introducing chirality into the arrangement 
of NPs (Fan & Govorov, 2010) or just chiral molecules into the 
plasmonic system (Slocik et al., 2011), CD spectra can change 
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notably. In addition to molecules’ direct response to UV, new 
absorption bands arise at the plasmon frequency. If such can 
occur for absorbance, perhaps the emission or scattering may be 
altered too. These aspects are interesting for the further 
development of ROA (Barron et al., 2004) sensing. Noteworthy, 
ROA can be several orders of magnitude weaker than Raman 
itself, and that has been the reason to complement it with SERS. 
This is known as the surface enhanced Raman optical activity 
(SEROA). Even with randomly distributed silver NP’s in a 
solution, SEROA can result in one order of magnitude higher 
values for circular intensity differences (Kneipp et al., 2006). 
Thus, further improvement in SEROA could be obtained by 
using the higher degree organisation of the metallic particles or 
combining it with other optical nanostructures.    
5.2 SAMPLE CONTROL AND FLUIDICS 
Microfluidics is the control of fluids of small volumes within 
small devices such as chips or in printing technologies. 
Microfluidics is greatly affected by phenomena which are not 
significant for fluidics in the larger scale, such as wetting, 
laminar flow, capillary action and diffusion. In molecular 
biology, capillaries, in combination with electrophoresis and 
optical detection, has been in the major role in the development 
of many methods (Schulze & Belder, 2009); foremost in DNA 
sequencing, namely, Sanger method automation. Capillaries 
have played a great role for chromatographic mass-
spectroscopies as well. Thus, capillary methods contribute to the 
foundations of microfluidics—whereas later development has 
led to new branches.  
In biological sciences, ultrafiltration and dialysis with 
semi-permeable, porous membranes has been routinely 
employed in biomolecule purification and separation and 
particle size estimation. History starts from the 1850s when it 
was observed with animal-based membranes that the 
concentration of different biomolecules can be manipulated with 
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them (Ferry, 1936). Such can be seen as early nanofluidics. Later, 
when the polymers were introduced, the manufacturing of 
porous membranes became common for industrial purposes; 
water purification and sterilisation for instance. On the 
biomedical side, the membranes became irreplaceable in dialysis.  
Importantly, nature is full of membranes with pores like 
ion channels. Furthermore, they are combined with natural 
microfluidics. This can be seen in the kidney, where tangential, 
continuous flow through micron vessels is accompanied by a 
perpendicular crossing of the nutrients and salts over the walls 
in the nanoscale. That is an example of how micron and 
molecular scale phenomena are perfectly arranged into a 
functional unit that is capable of sorting cells and molecules 
with low or no energy consumption. Manmade counterparts are 
of particular interest and may revolutionise biomedical sciences 
and smooth away dividers between manmade devices and 
biological entities/units.  
5.2.1 SAMPLE SCAFFOLD AND MICROFLUIDICS 
The suitability of RWG surfaces for sensors has already been 
shown for angular or spectral measurements based on reflection 
of the light (Chapter 1.2.1.). These typically employ a covering 
layer, but whether such additional layer is applicable to the 
enhancement-based application is a question for straight-
forward tests. The problem might be that such covering layer 
will increase the distance from the grating, and hence, due to the 
exponential fade, decrease the enhancement considerably. Of 
course, by tuning the grating design and RIs of different layers 
and media, one can, in turn, change the penetration depth of the 
evanescent field purposely. Also, when combined with another 
component, as in IV, the distance of analytes from the grating 
surface can became more adaptable in these signal enhancement 
schemes.  
On the other hand, as shown here and elsewhere, the 
structurality and high porosity itself can be useful in certain 
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biomedical side, the membranes became irreplaceable in dialysis.  
Importantly, nature is full of membranes with pores like 
ion channels. Furthermore, they are combined with natural 
microfluidics. This can be seen in the kidney, where tangential, 
continuous flow through micron vessels is accompanied by a 
perpendicular crossing of the nutrients and salts over the walls 
in the nanoscale. That is an example of how micron and 
molecular scale phenomena are perfectly arranged into a 
functional unit that is capable of sorting cells and molecules 
with low or no energy consumption. Manmade counterparts are 
of particular interest and may revolutionise biomedical sciences 
and smooth away dividers between manmade devices and 
biological entities/units.  
5.2.1 SAMPLE SCAFFOLD AND MICROFLUIDICS 
The suitability of RWG surfaces for sensors has already been 
shown for angular or spectral measurements based on reflection 
of the light (Chapter 1.2.1.). These typically employ a covering 
layer, but whether such additional layer is applicable to the 
enhancement-based application is a question for straight-
forward tests. The problem might be that such covering layer 
will increase the distance from the grating, and hence, due to the 
exponential fade, decrease the enhancement considerably. Of 
course, by tuning the grating design and RIs of different layers 
and media, one can, in turn, change the penetration depth of the 
evanescent field purposely. Also, when combined with another 
component, as in IV, the distance of analytes from the grating 
surface can became more adaptable in these signal enhancement 
schemes.  
On the other hand, as shown here and elsewhere, the 
structurality and high porosity itself can be useful in certain 
 64 
applications. In addition to the increased surface area for protein 
binding (I-III), such multi-level topography can exhibit extreme 
physical surface phenomena (Bhushan, 2012) and thus could be 
used as a sensor for wettability, moisture and droplets. Also, 
such multilevel topography provides topographical cues for the 
attachment of cells (Flemming et al., 1999, Nuutinen et al., 2013). 
Interestingly, a cross-section SEM image of RWG (I) 
shows that the sputtering process results in very narrow 
grooves due to overgrowth. Further overgrowth, on purpose, 
could turn the grooves into channels. This would probably be 
even more likely if increasing the aspect ratio of the SiO2 grating 
substrate prior to sputtering. Such "groove seal up" would also 
be possible with other deposition methods such as chemical 
vapour deposition (see Figure 7 in ref. (Duan et al., 2013)) and 
with ALD. These would produce smoother surfaces on the top 
and inside the channel when compared with those of sputtering. 
However, depending on the method used, which will produce 
either smooth or porous channels, and also on the material used 
(either hydrophilic or hydrophobic), the channel could conduct 
fluids with certain properties. Of course, this would also be the 
subject of a high-intensity EM field.  
Other manufacturing methods for nanofluidic devices 
are reviewed in (Duan et al., 2013), but the same methods apply 
for the microfluidic channels quite often. Furthermore, similar 
methods are used in the photonics and microelectronics 
(Whitesides, 2006). Depending on the size scale, the larger 
(>>100 nm) ones can be embossed with a mould made by 
mechanical micromachining (Dornfeld et al., 2006) or laser 
ablation (Malek, 2006a; Malek, 2006b), which can be used 
directly as well, without the transitional step of mould 
fabrication. Micron tubes can also be manufactured with the aid 
of the microfluidic system itself, assisted with a high electric 
field (Zhao et al., 2007) for instance. 
In addition to the channels, the microfluidics devices can 
consist of chambers. These include, in single molecule reaction 
chambers, down to femtolitre volumes (Rondelez et al., 2005) 
and chambers for cell cultivation in cells-on-chip applications 
 
65 
 
(Salieb-Beugelaar et al., 2010). However, “the chamber” may 
have not to be made of a solid material. To have sub-picolitre 
volumes, one option is to mix liquids with gas to produce 
bubbles and droplets (Whitesides, 2006). Another option is 
mixing non-polar solvents with polar ones to enclose single 
organelles or cells (He et al., 2005). Notably, such droplets can 
then be handled with optical traps (Lorenz et al., 2006) and thus 
fewer devices for mechanical manipulation are needed. This is 
an example of optofluidics. 
Microfluidics could be beneficial for RWG-based 
measurements if used in combination for the manipulation of RI. 
Since the resonance properties can be altered by the RI of the 
surrounding medium, one could employ this to mix two liquids 
with distinct RIs to find or modify resonance conditions, instead 
of angular scanning. Mixing two liquids could be arranged 
simply with a pump, or passively by hygroscopicity, diffusion 
or osmosis.  
For instance, water and dimethyl sulphoxide could be a 
proper pair of two biocompatible liquids with distinct RIs. 
Another liquid (e.g. DMSO) could already be present in a chip 
and another would be a carrier (e.g. water) for the sample. 
Pumping carrier to the chamber would first bring the analytes to 
the surface and, second, gradually change the RI. In the case of 
Raman measurement, the first liquid could easily work as an 
internal standard as well. Also, properly selected liquids or 
constituents (e.g. salts) within the liquids, could provide 
simultaneous chromatography, e.g. based on lipophilic or 
electrostatic interactions between the chip surface and analytes. 
Furthermore, the microfluidic laminar stream of high RI liquid 
itself could work as a waveguide (Wolfe et al., 2005).  
5.2.2 NANOFLUIDICS 
When going even smaller (1-100 nm), new phenomena arise that 
are more important (Sparreboom et al., 2009). In this sense, 
manmade nanofluidic systems are widely unexplored. Pores, 
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holes, pits and clefts are the focus now rather than long channels 
that conduct fluids, as seen with microfluidics. On the other 
hand, much is known about nanopores in nature, e.g. the 
aforementioned ion channels. Importantly, when structural 
features are made this small, as small as the molecules 
themselves, theoretical methods can change from the physical 
modelling of fluids to computational chemistry and molecular 
dynamics. However, the grey zone (10-100 nm) between the 
micron scale and truly nanometre scale pores, is still between 
different approaches. In this section, pores below 10 nm are 
mainly discussed. 
Biological membranes are largely impermeable for water, 
ions, and other electrostatically charged or polar molecules; 
therefore, membranes are perforated with the variety of 
biological nanopores, with higher or lower selectivity and 
working passively or consuming or producing energy. They 
cover size scale from several nanometres of the nuclear pore 
complex (spanning two lipid bilayers) down to the size of ion 
channels with pore sizes as small as ion radii without solvation. 
Remarkably, natural water conducting pores, aquaporins, 
can be impermeable to single H+ ions but permeable to water 
and much larger polar molecules (Wu & Beitz, 2007). The 
underlying mechanism for such selective water-conducting 
must be based on evolutionarily selected amino acid (aa) 
residues (AAs) that allow water molecules to form favourable 
transient hydrogen bonding. Similar function could be achieved 
by immobilising aa or other molecules into the walls of a very 
narrow channel. That could drastically change the permeability 
for different molecules trying to pass through the manmade 
structure. 
Indeed, with this approach, nanofluidic biological pores 
through membranes are constructed with self-assembled DNA 
structures (Burns et al., 2013) and artificial ion pumps have been 
made (Zhang et al., 2013). Furthermore, manmade pores have 
been covered with lipid layers, resulting in lower clogging in the 
device and the translocation of proteins through the 
channel/pore (Yusko et al., 2011). Lipids and other long chain 
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alkyls containing molecules can be practical due to their 
tendency to self-organise to layers (Love et al., 2005). If such 
molecules contain a thiol group at the end that faces the 
substrate, they readily bind covalently to the substrate. In turn, 
via the selection of the part facing the solvent, interactions with 
passing molecules within the channel or pore would be affected.  
Carbon-based materials are good examples of 
macroscopically hydrophobic materials that show interesting 
properties at the nanoscale. For example, while a micron-sized 
capillary made of carbon would hardly conduct water flow 
within ambient conditions, theoretical simulations can reveal 
different behaviours for their nanosized counterparts (Hummer 
et al., 2001); carbon nanotubes can toggle between filled and 
empty states and hence conduct water in amounts that are 
comparable to natural water channels (Zeidel et al., 1992), the 
aquaporins.  
A lot of research has been conducted on the unique 
electrical and optical properties of graphene sheets (Avouris, 
2010) and carbon tubes (Avouris & Chen, 2006). In addition to 
their specific thermal and mechanical properties, their 
impermeability for small molecules and gases (Bunch et al., 2008) 
is especially interesting in the nanofluidic context, particularly 
since the impermeability can be cancelled by perforating a 
graphene sheet with nanopores. That can make them capable of 
separating small molecules by size (Jiang et al., 2009) or working 
like ion channels (Sint et al., 2008). Graphene sheets can be 
combined with structural surfaces (Bunch & Dunn, 2012) and 
optical properties; all of these reasons makes it an attractive 
material for nano optical and fluidic devices. 
5.2.3 OPTOFLUIDICS AND RWG 
In addition to permeable pores, nanofluidics in the context of 
optofluidics also uses small volume pits to which molecules are 
attached or pulled. This is the case for one of the most important 
applications so far: a novel single molecule-based sequencing 
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method (Eid et al., 2009). The method is optically based on the 
so-called zero-mode waveguides (Levene et al., 2003), which 
means that no modes of propagating waves are supported by 
the metallic nanostructure for certain wavelengths. The pits are 
extremely small (zeptolitre) in volumes where the reactions by 
single molecules are performed and monitored with the aid of a 
high intensity field. The method has already been 
commercialised and is part of the latest wave of the revolution 
of the sequencing methods. This indeed demonstrates the 
potential of nano and optofluidics.  
 Although the definition of optofluidics can vary, one 
describes it as a combination of microfluidics and optics or 
photonics (Schmidt & Hawkins 2011). However, together with 
plasmonic membranes, nanofluidics, light-inducible chemistry 
(Klajn et al., 2007), and liquid waveguides (Wolfe et al., 2005) 
among others, it holds no unambiguous definition. Nevertheless, 
since the current manufacturing methods and materials are not 
limiting the development—quite the contrary, optofluidics will 
probably have a long history ahead.  
An example of an imaginary optofluidic device, 
combining RWG and plasmonic membranes, is presented in 
Figure 10. Such a two compartment fluidic device could, for 
instance, support the manipulation of optical functions by the 
distinct or variable RI of the liquids, as noted earlier (last 
paragraph in Chapter 5.2.1). Herein, nanofluidics means the 
diffusion of soluble analytes through pores perforating the 
middle layer. In this case, it is made of metal, but it could be 
carbon as well, as both support plasmonics.  
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Figure 10. Imaginary optofluidic device. The orange arrow shows the direction of the 
micron scale flow, while the green ones show one possible direction of nanoscale 
diffusion. The middle component is functionalised with a self-assembled monolayer 
and the close-up is shown left, where the letter S indicates the employment of thiol 
chemistry while the letter X represents a chemical group facing the liquid. Super- and 
substrates would be good targets for imprinted electrodes (yellow bars) or printed 
micro and nano optics. Spacers could be fabricated as integral parts of the layers (as in 
the superstrate). Alternatively, they could be added as polymer fibres (light pink bars 
between two bottom layers). 
 
The middle layer in this imaginary scheme (Figure 10) is 
accompanied with tangential flow through the space above it. 
This, in comparison to placing nanopores at a dead-end position, 
would result in a lower level of concentration polarisation i.e. 
the accumulation of particles or molecules that cannot pass the 
membrane through these pores. 
Summing up, micro- and nanofluidics have been 
materialised in nature during multicellular evolution, which has 
created apparatuses like the mammalian kidney, where 
microfluidic channels work in concert with nanoscale pores.  
From such, we have learned the principles of how to separate 
and sort molecules from larger particles. The foundations of 
artificial sorting molecules and particles, in turn, rest on over a 
century of history of the molecular biology. Today’s micro- and 
nano-methods allow us to fabricate devices combining both 
micro- and nano-fluidics, and to integrate electronics and optics 
into them. Thus, molecules, cells and droplets are recognised 
and even sorted with the optics of a device. Such man-made 
devices can be further functionalised with “smart” chemicals or 
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biomolecules attached to its surfaces. By combining them with 
carbon-based materials, further options for the photonic design 
are opened up. Importantly, they enable artificial pore design 
for small molecule sorting. The theoretical management of such 
complex devices, however, might be beyond the reach of the 
existing tools, and hence, in addition to simple trial-and-error 
experimental work, one may need to find novel approaches to 
the future development. 
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6 Conclusions 
Enhancement of the fluorescence signal with RWG is shown 
here to be two orders of magnitude higher than without the 
RWG when using the laser beam for the illumination. Over one 
order of magnitude higher enhancement was still reached with 
conical, broad-band illumination in a microscope. Similarly, 
Raman signal was enhanced in a microscope when RWG was 
combined with an SERS substrate. Together, the latter two 
studies imply that neither collimated beams nor complicated 
measurement set-ups are required for efficient detection of the 
fluorescence or Raman signals of biomolecules. Several future 
studies are suggested. These include life-time and polarisation 
resolved measurements, the use of multi-photon excitation, 
emission manipulation schemes and combining RWG with new 
kinds of plasmonic structures. Lastly, the use of RWG as a part 
of novel micro- and nano-fluidic sensor devices was envisaged. 
Such a device would enable the simultaneous manipulation of 
complex samples during optical detection. This means that the 
analytes of interest could be purified with the aid of the 
functional component surfaces, by light or other forces, during 
the measurement. Current manufacturing methods are not 
directly limiting the development of integrated lab-on-chip 
devices for in vitro analytics, but it could further benefit from 
new tools and approaches in the zones between disciplines and 
size scales.  
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the analytics and diagnostics. This 
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